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Abstract – Conducting polymer actuators or as widely
known as artificial muscles have many promising features
such as being biocompatible and suitable to open loop
control, and having high force to weight ratio. If properly
engineered, they can be employed as actuators plus joints –
like active flexure joints articulating monolithic structures.
Such structures or systems not containing any sliding and/or
rolling components potentially have high positioning
accuracy, which is crucial for micro/nano manipulation
applications. In this paper, we employ a bending type
polymer actuator to articulate two separate rigid links made
up of carbon fibre such that a two-finger gripper is formed.
We report on the force modeling and characterisation of the
actuator and the finger, the fabrication of the fingers, and
preliminary performance outcomes of the gripper. The size
of each finger is (5mm+5mm)x1mmx0.17 mm. The results
demonstrate that conducting polymer actuators can be
employed as actuators to make functional robotic devices
with reasonably high force output.
Keywords – electroactive polymer actuators, system
identification, robotic gripper, micromanipulation.

I. INTRODUCTION
It has been known for some time that polymers derived
from pyrrole, aniline or thiophene can be used as
Conducting Polymer (CP) actuators or artificial muscles
[1]. The CP actuators based on pyrrole is known as
polypyrrole (PPy) actuators. When the polymer is doped
electrochemically, ions are sent inside the polymer
causing volume expansion. Applying voltages as small as
1 V controls the volume change of the polymer in the
form of expansion and contraction. The change in the
volume generates a bending displacement -- the
electrochemical energy is converted into mechanical
energy. There has been significant amount of research on
conducting polymer actuators and their use in various
applications in the last decade [1-9]. Conducting polymer
actuators have attracted the attention of some researchers
as potential actuators and sensors for micromanipulators
[4,7,10]. Zhou et al. [4] have reported on three types of
polymer actuators including ionic conducting polymer
film actuator, polyaniline actuator, and parylene thermal
actuator. They have presented their fabrication and initial
performance results. Smela et al. [7] have presented the
development and performance outcomes of PPy and Au
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bilayer conducting polymer actuators operating in
electrolyte solutions. As an extension of this study, Jager
et al. [10] has fabricated a serially connected
micromanipulator to pick, move, and place 100Pm glass
beads. It has been demonstrated that the
micromanipulator is very suitable for single-cell
manipulation.
This study is part of an ongoing-project on the
establishment of manipulation systems such as grippers
and planar mechanisms articulated with the fourth
generation PPy actuators, which are fabricated at the
Intelligent Polymer Research Institute at the University of
Wollongong [2]. While conducting polymers have many
promising features to be used as new actuators and
sensors, their main drawback is low speed of response
and nonlinearity due to their actuation principle, which is
based on mass transfer. Possible future applications
include artificial muscles, and a wide variety of sensors
and actuators in biomedical systems [6] and micro/nano
manipulation systems [11]. As these actuators do not
contain any rolling and sliding elements, they can be
suitable to micro/nano manipulation tasks, which require
motion accuracy in the order of 0.05 to 0.1 micrometer
(50 to 100 nanometer). In our previous studies [12-15],
we reported on developing various mathematical models
to predict the bending behaviour of the conducting
polymer actuators and employing the models to optimize
their geometry leading to high force and displacement
outputs. In this study, we report on the development of a
robotic gripper based on two fingers articulated with
bending type polymer actuators, and model predicting the
force output of the fingers. The performance results of the
gripper are provided to demonstrate the suitability of the
polymer actuator to make functional devices.
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Figure 1. Cross section of the PPy-based actuator (not to scale)
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(i)The sheet of conducting polymer is trimmed into
strips of 1x15 mm2 and carbon fibre is trimmed into
pieces of 1x5 mm2.
(ii)Carbon fibre pieces are cured in an oven for about 10
minutes at 100oC. Carbon fibre should be very rigid
after taken out of the oven.
(iii)Double-sided sticky tape is placed onto rigid carbon
fibre pieces.
(iv)The rigid carbon fibre piece with the sticky tape on
one side is then attached on the polymer strip.

II. CONDUCTING POLYMER ACTUATOR
The cross section of the bending type polymer actuator
considered in this study is shown in Fig. 1. The outmost
two layers are polypyrrole with thicknesses of 30 μm.
The middle layer is polyvinylidine fluoride (PVDF), an
inert, non conductive, porous polymer serving as the
separator of two electroactive PPy layers and reservoir
(tetrabutylammonium
for
electrolyte
TBA.PF6
hexafluorophosphate) 0.05 M in solvent propylene
carbonate. Thin layers of platinum of 10 to 100 Å are
sputtered on top of PVDF to enhance the conductivity
between PPy layers and electrolyte.

The samples are replenished in tetrabutylammonium
hexaflourophosphate (TBA.PF6) 0.05 M electrolyte for
five minutes before each test. A fabricated gripper is
depicted in Fig. 3.

The structure of the actuator driving a rigid link – a
finger of a robotic gripper-- is shown in Fig. 2.

III. FORCE MODEL TO PREDICT FORCE OUTPUT

Figure 4. Actuator geometry and demonstration of parameters used
in the model.
Figure 2. Structure and dimensions of the robotic finger (front view and
top view).

The finger is basically a strip of PPy-based conducting
polymer loaded by a thin layer of rigid carbon fibre, in
which the conducting polymer works as an actuator and
a joint while the carbon fibre attached on the top of the
polymer serves as a rigid link for the robotic finger. The
finger is typically 1 mm wide, 10 mm long (5 mm for
actuator part and 5 mm for rigid part).

(a)(b)
Figure 3. Robotic gripper with the dimensions of (5+5mm x 1mm x
0.17mm). (a) at the original position, (b) at the meeting point.

The fabrication process of the robotic finger is briefly
outlined as follows;

The model is developed based on the following
assumptions
(i)Cross sections are plane at any position along the
actuator length (pure bending).
(ii)PPy and PVDF are elastic and isotropic. The Young
moduli of PPy and PVDF remain unchanged
throughout the range of bending being considered.
(iii)The thickness change of PPy layers when ions
move in and out during oxidation-reduction process
is negligible compared to the overall thickness of the
strip.
(iv)The rate of ions entering or leaving PPy layers is
considered constant along the actuator length.
(v)Based on the previous assumption, the strain in PPy
layers at a distance y from the neutral axis due to the
thickness change of PPy layer is constant throughout
PPy layers and is denoted by Į. It is reported in the
literature [12] that Į is a function of the strain to
charge ratio and charge density in the PPy layers.
(vi)Strain at any cross section of the actuator is
symmetric about the neutral axis.
Strains in the upper PPy layer, in PVDF layer and in
the lower PPy layer at a distance y from the neutral axis
are, respectively.

H 1u
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It can be inferred from Eq. (14) that the force at tip of
an actuator decreases when its length increases.
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According to the actuator geometry shown in Fig. 4,
the area moments of inertia of the PVDF layer and PPy
layers are given by
bh2
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The free deflection case is applied to identify the value
of Į with the reciprocal of the radius of curvature 1/R
being measured from experimental data. Values of Į
corresponding to different input voltages are then applied
in the zero deflection case to calculate the force produced
at the actuator tip.
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a. Free deflection: no force is applied at the actuator
tip (F = 0). This case determines the maximum
deflection of the actuator under the effect of input
voltage.
b. Zero deflection: Force is applied at the actuator tip
so that vertical displacement of the tip is zero. This
case identifies the maximum force that can be exerted
at the tip of the actuator.

F is an external force acting at the actuator tip. E1 and
E2 are Young moduli of PPy and PVDF respectively, b is
width of the actuator, L is the actuator length.
Substituting Eqs. (4), (5), (6) into Eq. (7) produces
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The total moment due to the induced internal bending
moment and the external force must always be zero at
any cross section along the actuator when it is at a quasistatic configuration
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R is the radius of curvature of the neutral axis. In
above equations, we assume that the bending actuator has
a constant curvature along its length. Using Hooke’s law,
the stress in each layer is

V 1u

Substituting Eq. (9) and Eq. (10) into Eq. (8) results in

(2)

,

The force formulation can now be applied to calculate
the force created at the tip of a robotic finger. For the
robotic finger structure shown in Fig. 2, the rigid part
apparently does not contribute to the bending of the
finger. The force model described by Eq. (14) is therefore
only applied to the 5 mm actuator. Bending moment
created by the actuator is then divided by the whole
actuator length, which is 10 mm, to approximate the force
created at the finger tip.
With reference to Fig.5, the actuator length in the
finger structure is denoted by a, the total length of the
finger is denoted by L’ and the approximated force at the
finger tip is denoted by Ffinger, the force created by a
robotic finger can be described mathematically by Eq
(15).

(10)
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Square wave input voltages with amplitudes of 1 V,
0.8 V, 0.6 V, 0.4 V and 0.2V are applied. The frequency
of the applied voltages is 3 pulses per minute or 0.05 Hz.
After each test, samples are neutralized by applying input
voltage of 0 V until current passing through electrodes is
zero. A typical recorded current, voltage and force data
are shown in Fig. 7, as extracted from the eDAQ Chart.

Figure 5. Demonstration of parameters in the force model for the robotic
finger.
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The force experiments were conducted on an actuator
sample with the dimensions of 5mm x 1mm x 0.17mm and
a robotic finger with the dimensions of 5+5mm x 1mm x

where F is calculated from Eq. (14).
IV. EXPERIMENTAL EVALUATION
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Figure 7. A typical current, voltage and force data recorded for a
5mm x 1mm x 0.17mm actuator under 1V.

V. EXPERIMENTAL RESULTS AND DISCUSSION
The numerical values of the actuator parameters are

x
x
x
x
x

Figure 6. Schematic representation of the equipment setup.

eDAQ e-corder recorder unit is used to record,
amplify, filter and, together with eDAQ Chart softwares,
analyse data. eDAQ Potentiostat is a three-electrodes
preamplifier. Aurora Scientific Inc. Dual-mode lever arm
system, model 300B is used to measure the force.
As shown by the arrows in Fig. 6, input voltage from
eDAQ Potentiostat is applied to the actuator sample via
electrode clamps. The actuator constrained by the force
sensor creates a contact force which is recorded by the ecorder recorder unit. The processed output signal from
recorder unit is consecutively sent to a computer where it
is displayed and analyzed using eDAQ Chart Version 5.1
for Windows. The current and voltage are sent directly
from potentiostat to the e-corder recorder unit to be
displayed on the computer screen. The force
measurement lever is set at neutral position of the sample.
The force at the tip is recorded and saved in a file
together with input voltage and current. The maximum tip
displacements are identified by recording movement of
the strip on the grid paper using a digital video camera.

PPy thickness h1 = 0.03 mm.
PVDF thickness h2 = 0.11 mm.
Width of the finger b = 1 mm.
Young modulus of PPy E1 = 80 N/mm2.
Young modulus of PVDF E2 = 440 N/mm2.

The theoretical and experimental force results for the 5
mm actuator, and the robotic finger are shown in Fig. 8
and Fig. 9, respectively.
The results depicted in Fig. 8 and Fig. 9 show good
agreement between experimental data and modeling
values with input voltage up to 0.8 V for whole-actuator
samples and up to 0.4 V for the robotic finger. This is
mainly due to the assumption of a small and a constant
curvature while the force model was developed.
Therefore, it may not be accurate enough to describe the
force at higher voltages.
Step response experiments were conducted to evaluate
the speed of response of the actuator and the robotic
finger. The results are provided in Fig. 10. A close-up of
the force responses of the 5 mm actuator is shown in Fig.
11, where it can be seen that there is almost no time delay
in the response. Further, the higher is the input voltage,
the higher is the speed of response.
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with longer actuators. As shown in Fig. 12, the 10 mm
and 5 mm actuator samples bend under an input voltage
of 1.0 V. Please note that the while curvature of such
bending can be negligibly small for a 5 mm actuator, it
cannot be for a 10 mm actuator. The mathematical model
reported in this paper needs to be refined to include
bending effect in predicting the output force.

Fig. 8. Theoretical and experimental force results for two 5 mm
actuators (the first column). The reciprocal of the corresponding radii of
curvatures are shown in the second column.

(b)
Figure 10. Force step response of of (a) 5 mm actuator, (b) the
robotic finger under a range of input step voltages.

Figure 9. Theoretical and experimental force results for the robotic
finger (the left plot). The inverse of the corresponding radii of
curvatures are shown in the right plot.

An explanation to the inaccuracy of the force model at
high input voltages is that Eq. (14) is derived from Eq.
(12) with the approximation of zero bending – infinite
radius of curvature (1/R = 0) of the actuator. However,
the experiments showed that bending does exist when the
actuators are in contact with the force measurement lever.
Such bending is very obvious at higher input voltages and

Figure 11. Force responses of the 5 mm actuator for the first 10
seconds under a range of input voltages.

The gripper fingers should generate equal displacement
unless different displacements are applied to release
objects. The gripper depicted is Fig.3 was activated under
1V and was found that both fingers meet at the middle, as
shown in Fig.13, while grasping a 30 mg object, which
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was much heavier than the total mass of the gripper. A
comprehensive evaluation of the gripper performance is
underway.

which contradicts with our fundamental modeling
approach based on small deflections. The gripper was
tested to successfully lift objects as much as 50 times the
total weight of the polymer actuators.
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